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Many new physics models contain a neutral scalar resonance that can be predominantly produced
via gluon fusion through loops. In such a case, there could be important effects of additional
particles, that in turn may hadronize before decaying and form bound states. This interesting
possibility may lead to novel signatures with double peaks that can be searched for at the LHC.
We study the phenomenology of double peak searches in diboson final states from loop induced
production and decay of a new neutral spin-0 resonance at the LHC. The loop-induced couplings
should be mediated by particles carrying color and electroweak charge that after forming bound
states will induce a second peak in the diboson invariant mass spectrum near twice their mass. A
second peak could be present via loop-induced couplings into gg (dijet), γγ and Zγ final states as
well as in the WW and ZZ channels for the case of a pseudo-scalar resonance or for scalars with
suppressed tree-level coupling to gauge bosons.
I. INTRODUCTION
Diboson resonance searches have enjoyed renewed at-
tention in the first years of the LHC. At Run 1, the dipho-
ton channel played a central role in cementing the posi-
tion of the newly discovered Higgs boson [1, 2]. Further-
more, ongoing searches for TeV-scale resonances decaying
into W and Z bosons are fundamental to understanding
the role of the Higgs in unitarizing vector boson scat-
tering. The LHC experiments observed small excesses
in diboson searches at an invariant mass of about 1.8-
2 TeV [3, 4] which became less significant with the inclu-
sion of Run 2 data [5, 6]. A heavy diboson resonance can
have many different origins, and observing the relative
signal strengths in different diboson channels can help
discriminate between candidate models of physics at the
TeV scale.
For instance, composite Higgs models often predict res-
onances in diboson channels involving the W , Z gauge
bosons and the SM Higgs h. By contrast, if a resonance is
first observed in the diphoton channel, the natural expla-
nation is associated with a new neutral spin-0 resonance,
which is resonantly produced through gluon fusion, and
decays into two photons (see, for example, Refs. [7–11]
and references therein for recent studies of scalars de-
caying to photons). A sizable diboson rate demands a
large decay branching ratio of the new (pseudo-)scalar to
a pair of bosons, and therefore, its tree-level couplings to
Standard Model (SM) fermions must be somewhat sup-
pressed. In the case of a resonance appearing first in
γγ, new particles that carry color and electric charge are
expected to be present, in order to mediate the loop-
induced couplings of the new heavy (pseudo-)scalar to
SM gauge bosons.
In this work, we concentrate on the possible appear-
ance of two peaks, associated with a new neutral spin-0
resonance with negligible couplings to SM fermions. We
shall assume the presence of loop-induced couplings of
the new spin-0 resonance to gluons and electroweak gauge
bosons, mediated by new colored and charged particles.
Gluon fusion production yields a resonant peak at the
spin-0 resonance mass in all possible diboson channels.
The relative strength of the resonant peak in different di-
boson channels depends on the quantum numbers of the
loop particles. We demonstrate the potential existence of
two peaks, rather than one, in the diboson invariant mass
spectrum, focusing on the γγ signature. The double peak
signature would indicate that the loop particles that con-
tribute to the production and decay processes hadronize
before decaying, forming new QCD bound states slightly
below the pair production threshold.1 Such a bound state
would then give rise to a second peak in the diboson in-
variant mass spectrum, in addition to the resonance due
to the production and decay of the new (pseudo-)scalar.
Moreover, the loop particles are expected to have a mass
that is larger than half the mass of the neutral spin-0 res-
1 If the new loop particles decay before hadronizing, there could
still be a “shoulder” in the diboson invariant mass spectrum due
the amplitude developing an imaginary part at the kinematic
threshold, such as in the case of double Higgs production [12].
Such a shoulder, however, may be too small to be observed for
reasonable choices of parameters [13].
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2onance, in order to avoid tree-level decays of the neutral
(pseudo-)scalar into the loop particles. In this case, the
second peak would show up at an invariant mass that is
larger than the mass of the neutral spin-0 resonance.
The conditions for the presence of two peaks are there-
fore 1) loop-induced couplings of the neutral (pseudo-
)scalar with SM gauge bosons and 2) the loop-induced
couplings are mediated by particles which form bound
states. The first condition is satisfied for any neutral
(pseudo-)scalar coupling to massless gauge bosons. For
massive gauge bosons such as W and Z bosons, the cou-
plings to a pseudo-scalar boson are also loop-induced. To
fulfill the second condition, the loop particles should have
a decay width that is smaller than the QCD hadroniza-
tion scale. Our considerations apply to any model con-
taining a heavy neutral (pseudo-)scalar coupling to glu-
ons and electroweak gauge bosons via new colored and
charged particles in the loop. Therefore, the results
shown here may have implications for future searches of
new physics in diboson channels at the LHC.
The remainder of this paper is organized as follows:
in Sec. II, we concentrate on final states containing two
photons, and calculate the diphoton production cross sec-
tion associated with the bound state of the new colored
particles. The production cross section of other gauge
boson channels may be obtained from the diphoton one
by simple group theoretical factors associated with the
quantum numbers of the loop particles [9]. In Sec. III,
we discuss the phenomenology of the new colored parti-
cles. We reserve Sec. IV for a discussion of our scenario
and our conclusions.
II. THE BOUND STATE PEAK
We shall assume the existence of a neutral pseudo-
scalar A, which couples to gluons and electroweak gauge
bosons via loops of new vector-like quarks (VLQ) Ψ,
and that the width of A is dominated by the resulting
loop-induced decays. We also assume that the VLQs
hadronize before they decay, so that a J = 0 quarko-
nium state is formed. Let us denote the relevant Yukawa
coupling λ,
L ⊃ −iλAΨ¯γ5Ψ. (1)
Furthermore, we will assume that there are N degenerate
copies of Ψ, each with electric charge Q transforming in
a given color representation R of dimension DR.
Then, assuming mΨ > mA/2 so that mixing effects
between A and the bound states can be neglected, the
following properties hold:
Γ(A→ gg) ∝ λ2N2C2Rα2s , (2)
where CR is the quadratic Casimir of R. Similarly,
Γ(A→ γγ) ∝ λ2N2D2RQ4α2 . (3)
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FIG. 1: Examples of a bound state peak accompanying a
1 TeV pseudoscalar resonance in the diphoton invariant mass
spectrum with 50 fb−1 of integrated luminosity at 13 TeV. An
800 GeV charge 5/3 VLQ is assumed, leading to a bound state
peak (blue) near mγγ ∼ 1.6 TeV. The signal strength of the
pseudoscalar resonance is fixed by its Yukawa coupling to the
VLQ, which is 0.3 (0.1) in the magenta solid (dashed) curve.
We assume a 1% resolution on each peak. The red curve
represents an estimate of the diphoton background, scaled
from LHC data [15].
The total width is naturally dominated by Γ(A → gg)
and, therefore,
Γtotal ∝ λ2N2C2Rα2s . (4)
Under the above conditions,
σ(pp→ A→ γγ) ∝ Γ(A→ gg)Γ(A→ γγ)
Γtotal
∝ λ2N2D2RQ4α2 , (5)
and the diphoton invariant mass spectrum exhibits a res-
onant peak at mγγ ∼ mA.
On the other hand, the second peak is induced by the
quarkonium bound state Ψ¯Ψ and the strength is propor-
tional to [14]
σ(pp→ Ψ¯Ψ→ γγ) ∝ N2C3RDRQ4α3sα2 , (6)
which gives rise to a peak in the diphoton spectrum at
mγγ ∼ 2mΨ > mA. We see then that the strength of the
peak at mA relative to the one at 2mΨ is governed by
λ and depends on the color representation of Ψ, but is
independent of the electric charge or multiplicity of Ψ 2.
As an illustration of the above relations, in Fig. 1 we
present examples of two peaks in the diphoton invariant
mass spectrum assuming a luminosity of 50 fb−1, where
2 If the loop induced couplings are generated by more than one
colored particle, there may be multiple additional peaks and their
strengths will depend on the particular lifetimes, multiplicities
and quantum numbers of each of these particles.
3the first peak is chosen to be at 1 TeV. We choose a single
charge 5/3 weak singlet VLQ with mΨ = 800 GeV and
λ ≈ 0.1, 0.3. The signal strength of the peaks induced
by the quarkonia bound states were computed using the
Coulomb potential approximation [16]. For λ = 0.3, we
expect to see the diphoton signal from the resonance first
while for λ = 0.1, we expect the diphoton signal from the
bound state to first reach a sizable significance. Eventu-
ally with more data, two peaks would be seen in both
cases.
In Fig. 2 we show the diphoton cross section for the
bound state and the resonance. In the top panel, we
show the cross section associated with the formation of
quarkonium bound states Ψ¯Ψ at mγγ ∼ 2mΨ for a weak
singlet VLQ with charge 5/3. The bottom curve of the
band corresponds to N = 1. The top curve results
from the choice N = 2, or alternatively N = 1 with a
bound state wave function at the origin that is 2 times
larger than the value obtained using the Coulomb po-
tential approximation, as suggested by a recent lattice
calculation [17]. We also show the present bounds on the
diphoton cross section from ATLAS [18] and CMS [19],
obtained at 13 TeV with an integrated luminosity of
15.4 fb−1 and 12.9 fb−1, respectively. Bound states of
VLQs Ψ with masses up to mΨ ∼ 700 GeV are already
excluded. In the bottom panel, we show the diphoton
cross section from a resonance assuming the existence of
a single charge 5/3 weak singlet VLQ, with mass cho-
sen to be 1 TeV and Yukawa couplings λ = 0.3 (solid,
magenta line) and λ = 1 (dashed, red line). As can be
seen from this panel, Yukawa coupling values between
about 0.4 and 1 are currently probed by the LHC, with
smaller Yukawa couplings generically probed for smaller
values of the resonance mass.
Regarding the future LHC sensitivity, scaling the AT-
LAS diphoton background fit [15] to higher integrated
luminosity, we estimate that the LHC with 300 fb−1 of
data will be able to probe bound states from a single (3,
1, 5/3) VLQ with a mass lower than roughly 1030 GeV,
which is very close to the mass assumed in our bench-
mark scenario. This implies that for this value of the
VLQ mass the LHC is already probing Yukawa couplings
in the λ ' 0.4–1 range. Values of the Yukawa couplings
a factor of about 2.5 smaller than the currently probed
ones will be probed at these higher luminosities. These
are the minimal values that could be probed in the ab-
sence of an LHC diphoton peak (larger values of λ would
still be allowed for larger values of the VLQ mass). Let
us stress that although we have taken the example of a
single (3,1,5/3) VLQ, it is straightforward to use sim-
ilar methods to compute the bounds on the mass and
couplings for other values of the VLQ’ charge, represen-
tations and multiplicities, as the ones shown in Table I.
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FIG. 2: Top panel: Diphoton signals from Ψ¯Ψ, QCD bound
states of VLQs, at
√
s = 13 TeV as a function of the lowest
bound state mass M for the representation (3,1,5/3). The
signal strength is computed from the Coulomb potential cal-
culations in Ref. [14]. The lower curve of the orange band
corresponds to choosing N = 1, while the top curve corre-
sponds to N = 2. Bottom panel: Diphoton resonant cross
section at 13 TeV from production through a loop of VLQ in
the representation (3,1,5/3) with mass 1 TeV, as a function
of the resonance mass, for λ = 0.3 (magenta, solid line) and
λ = 1 (red, dashed line). The gray (blue) curve in both pan-
els is the current diphoton cross section limit from ATLAS
(CMS).
III. PHENOMENOLOGICAL CONSTRAINTS
The prediction of two peaks in the diphoton invariant
mass spectrum applies to a wide class of models. Using
a sample 1 TeV spin-0 resonance as a benchmark, in Ta-
ble I we summarize possible new VLQs that could explain
a potential signal, assuming a production cross section
0.4 fb, which is somewhat below the current bound on the
cross section for this resonance mass and consistent with
results obtained for λ = 0.3 in Fig 1. We show results for
4SU(3)× SU(2)× U(1) λN , pseudoscalar λN , scalar
(3,1,5/3) 0.3 0.5
(3,1,4/3) 0.5 0.8
(3,2,7/6) 0.3 0.4
(3,2,5/6) 0.5 0.7
(3,1,2/3) 2.0 3.0
(3,2,1/6) 1.6 2.4
TABLE I: Possible loop VLQs that can produce a 0.4 fb
diphoton signal at 1 TeV, which is somewhat below the cur-
rent cross section bound and consistent with results obtained
for λ = 0.3 in Fig 1. The VLQ mass is assumed to be 800
GeV. In the second column, the vector-like fermions are as-
sumed to couple to a pseudoscalar resonance, while in the
third column, the resonance is a scalar. The diphoton signal
rate depends on the product of λN and hence the value of N
can be scaled to integer values by choosing different values of
λ.
both pseudoscalar and scalar resonances3. Observe that
λN is approximately the same for certain SU(2) dou-
blet and singlet cases, since the main contribution to the
diphoton rate comes from the particle in the multiplet
with the largest electric charge.
Since quarkonia states would only develop if the loop
particles hadronize before decaying, it is relevant to dis-
cuss the possible decays of these particles. Among the
VLQ quantum numbers listed in Table I, all but the
(3, 1, 5/3) and (3, 1, 4/3) cases may decay into Standard
Model particles, via Yukawa couplings that mix these ex-
otic states with SM states. The values of these Yukawa
couplings should be chosen so that the new colored parti-
cles hadronize before decaying, something that naturally
occurs for Yukawa couplings smaller than about a few
times 10−2. Limits on the mass of the VLQs depend
on the decay branching fraction into various final states4
and are typically >∼ 800 GeV for decays to SM quarks and
vector bosons [23–25]. For multiple copies of the VLQs,
as may be required for some of the representations in
Table I, these bounds will be even stronger.
The colored particles also hadronize before decaying
when they lie in compressed spectra, e.g. as motivated by
coannihilation scenarios where the colored particles are
expected to be only slightly heavier than some new dark
matter state [26]. For instance, one can add a new scalar
φ(1, 2,−1/2) and impose a new Z2 parity at the TeV
scale under which the SM is even and all new particles
are odd. Such a new parity has several advantages and
distinct collider phenomenology [27, 28], similar to cases
in which possible modifications of the SM Higgs diphoton
rate were studied [29, 30]. Since φ has the same quan-
3 For CP -even resonances, loop scalars may be allowed in place
of the VLQs, but for resonance couplings to a pair of scalars of
about the scalar mass, the resonant cross section is significantly
lower than in the λ = 1 VLQ case [20–22].
4 For a scan over decay branching fractions, see “additional mate-
rials” in the weblink in Ref. [23].
tum numbers as the Higgs field, again a Yukawa coupling
between φ, Ψ and a SM quark is possible for all but the
(3, 1, 5/3) and (3, 1, 4/3) states. This new Yukawa cou-
pling leads to the decay
Ψ→ q + φ0, (7)
where φ0 is expected to be the lightest odd particle
and therefore can be a dark matter candidate. Then,
for sufficiently heavy φ0, the decay products will have
soft kinematic spectra. Consequently, Ψ pair production
above threshold will not be subject to the existing strong
bounds on particles decaying to SM quarks and vector
gauge bosons. In the limit that φ and Ψ are very close in
mass, coannihilation with Ψ may help to set the proper
relic density of φ and provide a natural motivation for
the long Ψ lifetime.
On the other hand, for the exotic singlet VLQs in
SM representations (3, 1, 5/3) and (3, 1, 4/3), there is no
renormalizable, gauge invariant operator to mediate their
decays into φ (or SM particles). Additional particle con-
tent is thus required. As an example, when the loop
particle Ψ is in the (3, 1, 5/3) representation, one could
consider the existence of an additional isospin doublet
VLQ Ψ′ in the (3, 2, 7/6) representation. All new parti-
cles, Ψ, Ψ′ and φ are odd under the new Z2 parity. If
mΨ′ > mΨ > mφ and the Yukawas of the Ψ and Ψ
′ are
similar, the extra VLQ does not contribute appreciably
to the diphoton spectrum. Then, with the Lagrangian
L ⊃ −yΨHΨ¯Ψ′ − λφφt¯RΨ′ , (8)
Ψ decays proceed through off-shell Ψ′,
Ψ→ t+ V/h+ φ0. (9)
Once again, the decay products of Ψ will be soft if φ0 is
sufficiently heavy, implying weaker collider bounds and
therefore allowing lower VLQ masses. Similar considera-
tions apply to the case in which the loop particle is in the
(3, 1, 4/3) representation, with the only difference being
that Ψ′ should be in the (3, 2, 5/6) representation. The
lifetime of the exotic singlet VLQs is naturally large, en-
suring that these VLQs hadronize before decaying, lead-
ing to the formation of bound states.
The addition of the new VLQs in Table I to the SM
modifies the renormalization group evolution of the gauge
couplings and one can inquire about the perturbative
consistency of the theory. For λ ∼ 1, among the pos-
sibilities in Table I, all but the exotic singlet VLQs have
been studied in Ref. [31] and the perturbativity of the
theory is maintained up to very high energy scales. We
checked that this remains the case for the exotic singlet
VLQs. However, if extra fermions were included to in-
duce the VLQs’ decays, as in Eq. (8), the hypercharge
gauge coupling would become non-perturbative at scales
of the order of 1011 GeV, demanding the appearance of
new physics below that energy scale.
5IV. CONCLUSIONS
In this work we consider a wide class of models con-
taining a neutral (pseudo-)scalar coupling to gluons and
electroweak gauge bosons via loop-induced couplings of
new particles carrying color and electroweak charges. We
showed that, if the new loop particles hadronize before
decaying, there will be a second peak in the diboson in-
variant mass spectrum at around twice the mass of the
new loop particles. This additional peak is generically at
a larger mass than the peak due to the resonant produc-
tion of the neutral (pseudo-)scalar. This new peak, on
the other hand, is due to the new colored particles form-
ing QCD bound states, which subsequently decay back
into gauge boson pairs.
The existence of a second peak is quite generic for a
heavy diboson resonance arising from a new neutral spin-
0 resonance produced in the gluon fusion channel. The
only requirement is that the new colored particle has a
decay width that is smaller than the QCD hadronization
scale. The signal from resonant (pseudo-)scalar produc-
tion and the bound state peak are not restricted to the
γγ final state that we have considered in this work, but
are generically expected to appear in the gg, Zγ and
ZZ channels as well. If the loop particle is charged
under SU(2), a WW signature is also possible. While
searches involving photons and leptonically decaying Z
bosons tend to be the cleanest experimentally, ultimately
the relative strengths of these channels depend on the
particular gauge quantum numbers of the loop particle.
These quantum numbers affect the decays of both the
bound state and the resonance simultaneously, and con-
seequently an interesting test of our hypothesis is that
two diboson peaks are seen with proportional strengths
across different channels.
In conclusion, any model that attempts to predict a
diboson excess by means of loops of colored and elec-
troweak charged particles should be subject to not only
the constraints imposed by direct searches for these loop
particles, but also to constraints coming from searches
for new diboson peaks associated with the formation of
bound states, if the loop particles hadronize before they
decay. Indeed, the positions of the additional peaks could
provide a better determination of the mass of the new
particles than the one provided by direct searches.
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